Objective-The aim of this study was to determine the effects of oxidized versus native omega-3 fatty acids on the endothelial expression of chemokines MCP-1 and IL-8, and, if effective in inhibiting chemokine expression, to determine the mechanism for the inhibition of chemokine expression. Methods and Results-Using enzyme-linked immunosorbent assays, we show that oxidized EPA and DHA but not unoxidized EPA or DHA inhibit cytokine-induced endothelial expression of monocyte chemoattractant protein (MCP)-1 and, to a lesser extent, IL-8. In electrophoretic mobility shift assays, oxidized EPA but not unoxidized EPA potently inhibited cytokine-induced activation of endothelial nuclear factor-B (NF-B). Using Western blot analyses, we show that the inhibition of NF-B activation was not caused by prevention of phosphorylation of IB␣ because oxidized EPA did not inhibit cytokine-induced phosphorylation and ubiquination of IB␣. Furthermore, oxidized EPA inhibited NF-B activation in endothelial cells derived from wild-type mice but had no inhibitory effects on NF-B activation in endothelial cells derived from peroxisome proliferator-activated receptor ␣ (PPAR␣)-deficient mice, indicating that oxidized EPA requires PPAR␣ for its inhibitory effects on NF-B. Key Words: monocyte chemoattractant protein-1 Ⅲ oxidized omega-3 fatty acids Ⅲ oxidized eicosapentaenoic acid Ⅲ nuclear factor-B Ⅲ PPARa
C onsumption of marine fish oil has been reported to improve the prognosis of several chronic inflammatory diseases characterized by leukocyte accumulation and leukocyte-mediated tissue injury, including atherosclerosis, IgA nephropathy, inflammatory bowel disease, rheumatoid arthritis, etc. [1] [2] [3] [4] These beneficial effects of fish oil have been associated with the omega-3 polyunsaturated fatty acids (PUFAs), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA), which are abundant in marine fish oil.
EPA and DHA are highly polyunsaturated and easily undergo auto-oxidation. 5, 6 In fact, it is very difficult to avoid the oxidation of these very labile fatty acids. More importantly, in vivo, a large increase in tissue and plasma accumulation of both omega-3 fatty acids and fatty acid oxidation products is noted in subjects consuming fish oil, even after addition of antioxidant supplements to the diet. [7] [8] [9] [10] This suggests the possibility that oxidized omega-3 fatty acids may be an important component of the observed antiinflammatory effects of fish oil. Indeed, our previous studies have shown that oxidized EPA, and not unoxidized EPA, potently inhibits leukocyte-endothelial interactions, both in vitro and in vivo, through a peroxisome proliferator-activated receptor (PPAR)␣-dependent mechanism. 11, 12 One of the early events in inflammation is the upregulation of endothelial chemokines, monocyte chemoattractant protein-1 (MCP-1) and IL-8, in response to proinflammatory cytokines such as tumor necrosis factor (TNF)-␣ and IL-1. MCP-1 and IL-8 in turn promote leukocyte chemotaxis, adhesion, and transendothelial migration, 13, 14 and neutralization of MCP-1 has been shown to attenuate in vivo injury arising from inflammatory mechanisms. [15] [16] [17] The aim of this study was to determine the effects of oxidized versus native omega-3 fatty acids on the endothelial expression of chemokines MCP-1 and IL-8, and, if effective in inhibiting chemokine expression, to determine the mechanism for the inhibition of chemokine expression.
standard; this assay is a measure of fatty acid oxidation. 18 The fatty acids were stored as a 100-mmol/L stock in 100% ethanol under nitrogen to ensure minimal oxidation. For oxidation, 3.3 mmol/L EPA, DHA, or arachidonic acid was prepared in phosphate-buffered saline (PBS; pH 4.9) and the sample was incubated at 37°C for 16 hours. Gas chromatography mass spectrometry of the samples revealed a single peak in the unoxidized (native) EPA sample, which was consistent with EPA, whereas oxidized EPA had Ͻ5% of the unoxidized EPA and a number of additional peaks that likely correspond to EPA oxidation products (data not shown). Using thiobarbituric acid-reactive substances assay, the aldehyde content of oxidized EPA was 1.78 mol/L malondialdehye in 100 mol/L EPA. 11 For treatment of cells, oxidized or unoxidized EPA, DHA, or arachidonic acid was diluted in medium containing 20% fetal calf serum to final concentrations between 10 and 100 mol/L. The vehicle control was media containing PBS.
Enzyme-Linked Immunosorbent Assays for MCP-1 and IL-8
Confluent human umbilical vein endothelial cells (HUVEC) and human microvessel endothelial cells (Clonetics) in 96-well plates were incubated with vehicle, unoxidized, or oxidized EPA, DHA, or arachidonic acid at varying concentrations of 10, 25, 50, 75, and 100 mol/L for 1 hour. The cells were washed with PBS and fresh medium was added before stimulation with hIL-1␤ (10 U/mL) or hTNF␣ (10 ng/mL) for 5 hours. Aliquots of the medium were removed for analysis of MCP-1 and IL-8 by enzyme-linked immunosorbent assay (ELISA) using matched antibodies as previously described. 19, 20 Antibody binding was visualized with horseradish peroxidase-conjugated streptavidin and tetra methyl benzidine liquid substrate system.
Results are expressed as MCP-1 and IL-8 (pg/mL) in the culture medium using values determined on a standard curve. TNF␣-induced expression of MCP-1 and IL-8 was taken as 100%, and results are also expressed as percent decrease compared with TNF␣-induced expression of MCP-1 and IL-8.
RNAse Protection Assays
HUVEC were grown to confluence in 100-mm dishes and were pretreated for 1 hour with vehicle control or unoxidized (100 mol/L) or oxidized EPA (100 mol/L) in standard growth medium. The HUVEC were washed and the cells were stimulated with hTNF␣ (10 ng/mL) for 3 hours. RNA extraction was performed by guanidine thiocyanate (RNAzol) method of Chomczynski and Sacchi. 21 Twenty g of RNA was subjected to multiprobe RPA system using probes for multiple human chemokine related RNA molecules, including MCP-1 and IL-8, and GAPDH as described in the manufacturer protocols (Riboquant; Pharmingen).
Isolation and Culture of Murine Aortic Endothelial Cells
We isolated endothelial cells from thoracic aortas of 4-week-old 129SV wild-type and PPAR␣ Ϫ/Ϫ mice. 22 Briefly, thoracic aortas were removed from anesthetized mice and rinsed 3times with PBS and placed in endothelial cell growth medium (M199, 20% FBS, 25 g/mL Gentamycin, 5 mg/50 mL endothelial mitogen, 50 g/mL, heparin, 2 mmol/L L-glutamine 2 mmol/L). The periadventitial fat around the aortas was carefully removed. The aortas were cut open longitudinally and cut into 4 to 6 pieces of 1-to 2-mm 2 and placed endothelial cell side-down in a fibronectin-coated 100-mm culture plate. Initially only a small amount of media was placed around the explants to prevent them from floating. After 12 hours, 8 mL of medium was added. Cells began to expand from the edges of the explant between days 2 to 5. Medium was changed every 2 to 3 days. On day 7, the explants were removed. After 2 to 4 days of explant removal, the cells were confluent and were easily subcultured from passage 2 to 5. These cells express cytokine-inducible mouse adhesion receptors such as vascular cell adhesion molecule-1 and intercellular adhesion molecule-1 (data not shown). Oxidized and unoxidized EPA had no effect on the viability of these cells as determined by tetrazolium salt 3-[4,5-dimethyliazol-2-yl]-2-diphenyltetrazolium bromide (MTT) assays (data not shown). For electrophoresis mobility shift assays, the endothelial cells were pretreated for 1 hour with vehicle control or unoxidized (100 mol/L) or oxidized EPA (100 mol/L) before stimulation with mouse TNF␣ (10 ng/mL) for 2 hours. Nuclear extracts were then prepared and used in electrophoretic mobility shift assays.
Preparation of Nuclear and Cytoplasmic Extracts
HUVEC were grown to confluence in gelatin-coated 100-mm dishes. HUVEC were pretreated for 1 hour with vehicle control or unoxidized (100 mol/L) or oxidized EPA (100 mol/L) in standard growth medium before stimulation with TNF␣ (10 ng/mL) for 0,15, and 60 minutes. Nuclear and cytoplasmic extracts were prepared. 23 The cytoplasmic extract was used in Western blot analyses while the nuclear extract was used in the electrophoretic gel shift assays. Protein concentration was determined by Bio-Rad DC protein assay.
Electrophoretic Mobility Gel Shift Assays
Nuclear extracts from HUVEC pretreated with vehicle control or unoxidized or oxidized EPA in standard growth medium before stimulation with TNF␣ (10 ng/mL) for 60 minutes was used in the gel shift assays. The double-stranded oligonucleotide containing the consensus sequence for the NF-B (5Ј-AGT TGA GGG GAC TTT CCC AGG C-3Ј) and AP-1 (5Ј-TTC CGG CTG ACT CAT CAA GCG -3Ј) was end-labeled by incubating the oligonucleotide with ␥ 32 P-labeled ATP and T4 polynucleotide kinase at 37°C for 10 minutes according to standard protocols (Promega). 24 For binding reactions, nuclear extracts (10 g) of HUVEC or mice endothelial cells were incubated in 10 to 15 L of total reaction volume with 20 L of binding buffer and 32 P-labeled NF-B or AP-1 oligonucleotides for 20 minutes at room temperature. Samples were electrophoresed on a 5% nondenaturing acrylamide gel. The gels were dried and autoradiographed.
Polyclonal antisera against NF-B subunit p65 was used to determine the subunit composition of gel-shifted NF-B complexes; 1 g of antibody was added to the binding reaction 20 minutes before addition of labeled oligonucleotide probe. Incubation of the nuclear extract from TNF␣-treated cells with excess cold NF-B or AP-1 oligonucleotide was used to confirm the specificity of AP-1 binding activity.
Western Blot Analyses
Cytoplasmic extracts were resolved by SDS-PAGE on 10% polyacrylamide gels and transferred to polyvinylidene fluoride membranes (Bio-Rad) in 25 mmol/L Tris, pH 8.3, 192 mmol/L glycine, and 20% methanol. Membranes were blocked overnight at 4°C in blocking solution (PBS with 10% milk and 0.2% Tween-20). After blocking the membranes, the primary antibodies to IkB␣, p50, p65, and ␤-actin (Santa Cruz Biotechnology) or phospho-IkB␣ (Cell signaling) were applied according to the manufacturers directions for 1 hour at room temperature. 25 Horseradish peroxidase-conjugated secondary antibodies, goat antirabbit IgG, and goat antimouse IgG (Santa Cruz Biotechnology) were used. After each antibody application, blots were washed 3 times in TBS containing 0.2% Tween-20. Antibody complexes were visualized with the use of chemiluminescence.
Statistical Analysis
Data are presented as averageϮSEM. Statistical significance was assessed by unpaired Student t test.
Results

Oxidized EPA Inhibits Cytokine-Induced Endothelial Expression of MCP-1
We used ELISA methods to determine the effect of oxidized and unoxidized EPA on cytokine-induced endothelial expression of MCP-1 and IL-8. As expected, treatment of HUVECs with TNF␣ and IL-1␤ results in a 6-to 8-fold increase in MCP-1 and IL-8 expression. Pretreatment of HUVECs with oxidized EPA for 1 hour significantly inhibited TNF␣ and IL-1␤-induced expression of MCP-1 whereas incubation with unoxidized EPA had little effect ( Figure 1A) . The inhibition was dose-dependent; 75 and 100 mol/L oxidized EPA reduced MCP-1 expression to levels close to those seen for unstimulated HUVECs. When HUVECs were pretreated with 50 and 25 mol/L oxidized EPA, there was a 30% and a 15% decrease in MCP-1 expression when compared with TNF␣-treated cells, and a 31% and a 24% decrease when compared with IL-1␤-treated cells, respectively. The effect of oxidized EPA on cytokine-induced IL-8 expression was less marked. There was a modest but significant decrease in TNF␣-induced and IL-1␤-induced endothelial expression of IL-8 when the HUVECs were pretreated with 100 mol/L oxidized EPA, whereas incubation with unoxidized EPA had little effect ( Figure 1B) . At concentrations of 75 mol/L and lower, oxidized EPA had no significant effect in inhibiting TNF␣-induced and IL-1␤-induced IL-8 expression. Instead, there was mild increase in the expression of IL-8 when HUVEC were pretreated with lower concentrations of oxidized EPA.
Similar results were also noted when human microvessel endothelial cells were used instead of HUVECs (Table) . We also compared the effect of EPA, DHA, and arachidonic acid on TNF␣-induced endothelial MCP-1 and IL-8 expression (Table I , available online at http://atvb.ahajournals.org).
Using RNAse protection assays, we determined whether oxidized EPA inhibits cytokine-induced expression of endothelial MCP-1 and IL-8 at the transcriptional level. Pretreatment of HUVECs with oxidized EPA for 1 hour before stimulation with TNF␣ resulted in almost complete absence of the MCP-1 RNA transcripts and a milder decrease in IL-8 mRNA. Unoxidized EPA had no effect in decreasing either MCP-1 or IL-8 mRNA levels ( Figure 1C ). When the expression of MCP-1 and IL-8 was normalized to GAPDH expression, oxidized EPA pretreatment resulted in a 60% decrease in MCP-1 expression whereas there was only marginal decrease (10%) in IL-8 expression when compared with TNF␣-treated endothelial cells.
Oxidized EPA Inhibits Cytokine-Induced NF-B Activation but Has no Effect on AP-1
The expression of MCP-1 and IL-8 is regulated through transcription factors NF-B and AP-1. 26, 27 Studies have shown that although NF-B activation is required for optimal activation of MCP-1, AP-1 activation can bypass the NF-Bmediated IL-8 gene transcription. 28 We studied the effect of oxidized versus unoxidized EPA on cytokine-induced activation of NF-B by performing gel shift assays on nuclear extracts of endothelial cells (Figure 2A) . Treatment of HUVECs with TNF␣ for 60 minutes results in activation of NF-B as indicated by the gel shifts. Pretreatment of HUVECs with oxidized EPA for 1 hour almost completely inhibited TNF␣-induced activation of NF-B whereas incubation with unoxidized EPA had little effect. The p65 component of NF-B was confirmed in supershift assays using antibodies to the p65 subunit of NF-B. Next, we studied the effect of oxidized versus unoxidized EPA on TNF␣-induced activation of AP-1 ( Figure 2B ). Treatment of HUVECs with TNF␣ for 1 hour results in activation of AP-1 as indicated by the gel shifts. Pretreatment of HUVECs with oxidized EPA or unoxidized EPA for 1 hour had no significant inhibitory effect on TNF␣-induced activation of AP-1. Incubation of nuclear extract from TNF␣-treated cells with excess cold AP-1 oligonucleotide was used to confirm the specificity of AP-1 binding activity. Aliquots of the culture medium were analyzed for (A) MCP-1 and (B) IL-8 by ELISA techniques (nϭ3). *PϽ0.0001 and ** PϽ0.005 compared with EPA/TNF␣ and Veh/TNF␣. C, HUVECs were pretreated for 1 hour with vehicle, UnoxEPA (100 mol/L), or OxEPA (100 mol/L) before stimulation with TNF␣ for 3 hours. Total RNA was extracted and mRNA for MCP-1 and IL-8 was assayed using the multiprobe RPA system.
Oxidized EPA Promotes Cytoplasmic Retention of p50 and p65 Subunits of NF-B After Cytokine-Induced Activation
Proinflammatory cytokines activate IB kinase complex that phosphorylate NF-B inhibitor, IB␣, resulting in its conjugation with ubiquitin and subsequent degradation. The free p50/p65 subunits of the NF-B complex then translocate to the nucleus and induce target genes. 29 To determine whether oxidized EPA prevented the nuclear translocation of p50 and p65 subunits of NF-B, we performed Western blot analyses using antibodies to p50 ( Figure  3A ) and p65 ( Figure 3B ) on the cytosolic extracts of endothelial cells. Baseline levels of p50 and p65 are present in the cytoplasm before stimulation of HUVECs with TNF␣. Stimulation with TNF␣ for 15 minutes results in almost complete disappearance of p50 and p65 subunits from the cytoplasm. At 60 minutes, both p50 and p65 reappear in the cytoplasm. After pretreatment of HUVECs with oxidized EPA, p50 and p65 are present at 15 and 60 minutes, indicating cytoplasmic retention of the subunits at both time points after stimulation with TNF␣. Unoxidized EPA had no effect in preventing the nuclear translocation of p50 and p65 subunits, and at 15 minutes of treatment with TNF␣ virtually no cytoplasmic p50 or p65 was identified.
Oxidized EPA Does not Inhibit Cytokine-Induced Phosphorylation and Ubiquination of IBa
To determine whether the mechanism of oxidized EPAmediated inhibition of NF-B was via inhibition of phosphorylation of IB␣, we performed Western blot analyses on cytoplasmic extracts of HUVECs using antibodies to IB␣ ( Figure 4A ) and phosphorylated IB␣ ( Figure 4B ). At baseline, IB␣ was noted in the cytoplasm although no phosphor- Human microvessel endothelial cells were pretreated for 1 hour with vehicle (Veh) or unoxidized (EPA) or oxidized EPA (OxEPA) at indicated concentrations before stimulation with TNF␣ for 5 hours.
Effect of Unoxidized and Oxidized EPA on Expression of Cytokine-Induced Human Microvessel Endothelial Cell MCP-1 and IL-8
Aliquots of the culture medium were analyzed for MCP-1 and IL-8 by ELISA techniques, and the results are expressed as pg/mL in the culture medium using values determined on a standard curve (ϮSEM). *PϽ0.0001 compared to vehicleϩTNF␣ and unoxidized EPAϩTNF␣ (nϭ3).
Figure 2.
Oxidized EPA inhibits TNF␣-induced activation of NF-B but has no significant inhibitory effect on AP-1 activation. Nuclear extracts were prepared from HUVEC-treated with vehicle or unoxidized (UnoxEPA, 100 mol/L) or oxidized EPA (OxEPA, 100 mol/L) before stimulation with TNF␣ for 1 hour.
The nuclear extracts were coincubated with 32 P-labeled (A) NF-B oligonucleotide or (B) AP-1 oligonucleotide, and electrophoretic mobility shift assays were performed. In (A), nuclear extracts were preincubated with antibodies to p65 or excess unlabelled NF-B (cold) as indicated. In (B) (lane 5), nuclear extracts were preincubated with excess unlabelled AP-1 before incubation with 32 P-labeled AP-1 oligonucleotide (nϭ3). ylated IB␣ was detected. After stimulation with TNF␣ for 15 minutes, minimal IB␣ was detectable in the cytoplasm whereas a significant amount of phosphorylated IB␣ was noted. After 60 minutes, IB␣ reappeared in the cytoplasm even though phosphorylated IB␣ was still present. Similar results were noted in HUVECs pretreated with oxidized EPA; after 15 minutes of stimulation with TNF␣, there was complete absence of IB␣ in the cytoplasm. This correlated with appearance of phosphorylated IB␣. At 60 minutes, even though phosphorylated IB␣ was still present, IB␣ reappeared in the cytoplasm (although the expression was slightly decreased). These findings are similar to HUVECs with no oxidized EPA pretreatment, indicating that oxidized EPA does not prevent phosphorylation and ubiquination of IB␣, suggesting a different mechanism for the inhibition of nuclear translocation of p50/p65 subunits.
Oxidized EPA Does not Inhibit Cytokine-Induced Activation of NF-B in PPAR␣-Deficient Endothelial Cells
Our previous studies have shown that oxidized EPA is a potent activator of PPAR␣. 11 To determine whether PPAR␣ is required for the inhibitory effects of oxidized EPA on NF-B activation, we isolated and grew endothelial cells from wild-type and PPAR␣ Ϫ/Ϫ mice thoracic aortas. Treatment of wild-type endothelial cells with TNF␣ for 2 hours resulted in activation of NF-B as indicated by the gel shifts. Pretreatment of wild-type endothelial cells with oxidized EPA for 1 hour almost completely inhibited TNF␣-induced activation of NF-B, whereas incubation with unoxidized EPA had little effect ( Figure 5A ). Endothelial cells from PPAR␣ Ϫ/Ϫ mice showed TNF␣-induced activation of NF-B. However, oxidized EPA pretreatment had no significant inhibitory effect on TNF␣ induced activation of NF-B in PPAR␣ Ϫ/Ϫ endothelial cells ( Figure 5B ).
Discussion
Omega-3 fatty acids in fish oil has been reported to improve the prognosis of several chronic inflammatory diseases characterized by leukocyte accumulation, including atherosclerosis, inflammatory bowel disease, rheumatoid arthritis, psoriasis, etc. [1] [2] [3] [4] Omega-3 fatty acids, such as EPA and DHA, are highly polyunsaturated and readily undergo oxidation at ambient and subambient temperatures, even in the absence of exogenous oxidizing reagents. 5, 6 In view of the ease with which omega-3 PUFA spontaneously oxidize and in vivo data suggesting extensive accumulation of oxidation products after fish oil consumption, we investigated the possibility that oxidized omega-3 fatty acids may be an important component of the observed antiinflammatory effects of fish oil. In our previous studies, we showed that oxidized EPA and not unoxidized EPA pretreatment of HUVEC inhibits leukocyte adhesion to cytokine-stimulated HUVEC, and this effect is mediated through a PPAR␣-dependent pathway. 11, 12 In our present studies, we extend these observations and show that oxidized EPA is also effective in inhibiting cytokine-induced endothelial chemokine expression, particularly MCP-1, and propose a mechanism for these antiinflammatory effects.
The fact that oxidation of the omega-3 fatty acids is required for the aforementioned antiinflammatory effects is also pointed out by other studies. expression, whereas shorter incubation periods (6 hours) has no effect. 30 -32 This suggests that oxidation of omega-3 fatty acids takes place during the long incubation period, and that the oxidation product(s) and not the native omega-3 fatty acids are most likely responsible for the inhibition of leukocyte-endothelial interactions.
To ascertain that the inhibition of chemokine expression was not caused by the cytotoxic effects of oxidized EPA, we performed MTT assays, which showed that oxidized EPA in the doses used for our experiments had no effect on the viability of endothelial cells (data not shown). Also, oxidized EPA did not have any effect on the constitutively expressed surface proteins such as von Willebrand factor, endoglin, and human leukocyte antigen class I molecules. 11, 12 The expression of MCP-1 and IL-8 is regulated through activation of NF-B. NF-B activation appears to be necessary for the induction of chemokine genes, and deletion of NF-B binding sites results in an inability to induce these genes. 26 In these studies, we show that oxidized EPA and not unoxidized EPA inhibits cytokine-induced activation of NF-B and promotes cytosolic retention of the p50 and p65 subunits. Hence, the oxidized EPA-mediated inhibition of MCP-1 and IL-8 in cytokine-stimulated endothelial cells could be explained by an inhibitory effect of oxidized EPA on NF-B activity.
The difference in the extent of inhibition of MCP-1 and IL-8 expression by oxidized EPA is most likely caused by the differential effects of oxidized EPA on endothelial NF-B and AP-1 activation. Oxidized EPA almost completely inhibits endothelial NF-B activation, whereas it had minimal effects in preventing AP-1 activation. Because AP-1 activation alone can result in IL-8 expression, 28 oxidized EPA had only a mild inhibitory effect on IL-8 expression.
What is the mechanism for the oxidized EPA-mediated inhibition of cytokine-induced NF-B activation? We first hypothesized that oxidized EPA inhibits phosphorylation of IB␣ by inhibiting the IKK (kinase) complex. However, it is unlikely that oxidized EPA inhibits IKK (kinase) activity because phosphorylation and ubiquination of IkB␣ is noted in oxidized EPA-treated endothelial cells. In fact, when normalized to actin controls, oxidized EPA pretreatment before TNF␣ stimulation for 60 minutes resulted in 30% more p-IkB␣ when compared with TNF␣-treated cells. Also, it unlikely that oxidized EPA induces IkB␣ expression because after 15 minutes of cytokine stimulation, no IkB␣ is noted in the cytoplasm of cells pretreated with oxidized EPA. After 60 minutes, IB␣ starts to appear in the cytoplasm of oxidized EPA pretreated cells and its concentration is, in fact, somewhat less than the TNF␣-treated cells. Thus, it is likely that oxidized EPA does not prevent NF-B activation by increasing the expression of IB␣.
In our previous studies we noted that oxidized EPA is a potent activator of PPAR␣ and that PPAR␣ is needed for the inhibitory effects of oxidized EPA on leukocyte-endothelial interactions, 12 which lead us to hypothesize that oxidized EPA might inhibit cytokine-induced NF-B activation through a PPAR␣-dependent pathway. Here, we show that although oxidized EPA inhibits cytokine-induced NF-B activation in wild-type cells, it has no inhibitory effects in PPAR␣-deficient endothelial cells, suggesting that oxidized EPA mediates its inhibitory effects on NF-B through PPAR␣. The PPAR␣-mediated inhibitory effects of oxidized EPA on NF-B activation are possibly through direct interactions of PPAR␣ with the p50/p65 subunits. Delerive et al (1999) have shown, using glutathione S-transferase pulldown experiments, that after fibrate (PPAR␣ agonist) treatment, PPAR␣ physically interacts with p65 in vitro. 33 Taken together with our previous studies, 11, 12 we show that auto-oxidation of omega-3 fatty acids results in the generation of oxidized compounds with potent antiinflammatory properties that inhibit proinflammatory responses such as leukocyte adhesion receptor and chemokine expression. The central theme for the antiinflammatory effects of oxidized omega-3 fatty acids is likely through inhibition of NF-B via a PPAR␣-dependent pathway. The oxidation of omega-3 fatty acids is likely to occur in areas of active inflammation caused by increased expression of oxidative enzymes (eg, NADPH oxidase, myeloperoxidase, cyclooxygenase, lipoxygenase) and the generation of reactive oxygen species in these areas, which are capable of oxidizing PUFAs. The identification of these products could result in potent, low-toxicity, proinflammatory response inhibitors with potent PPAR␣ agonist and anti-NF-B properties for the treatment of inflammatory diseases.
